Laser-induced damage on the tensile side ofvacuum-barrier fused silica optics can result in catastrophic fracture. This fracture can lead to two possible modes of failure: a benign failure resulting in a slow air leak into the vacuum chamber or an implosion. In previous work, we measured fracture in round vacuum windows and lenses and proposed a "fail-safe" design that would insure the benign failure mode by fracturing into only two parts, thus eliminating the possibility of implosion. In this paper we extend the previous work to include square vacuum-barrier windows and lenses. These results show that the expression developed describing the fracture area for round lenses: A = 8.4x1O5a2V
INTRODUCTION
Nova, Beamlet, and National Ignition Facility (NW) are high-peak-power lasers that are being or will be used fcr Inertial Confmement Fusion (ICF) research at Lawrence Livermore National Laboratory (LLNL). These laser systems have several large vacuum chambers along the beam propagation path that use fused silica optics as vacuum barriers.13 Laser induced damage on the tensile (vacuum) side ofthe optic can lead to catastrophic fracture. Catastrophic fracture occurs when a flaw on the tensile side of the optic exceeds the critical flaw size (based on Griffith's law4) and propagates one or more fractures completely through the optic. Catastrophic fracture can lead to two possible failure modes: a benign, slow air leakage into the vacuum chamber or an implosion. if the failure results in an implosion, the stored energy released can be tremendous for large vacuum chambers like the ones used on NIF (see Table 1 ). For example, the fracture and implosion of a vacuum window on the target chamber would release energy equivalent to 75 MJ. In comparison, the output ofthe NIF laser is only 1.8 MJ. Such an implosion would cause extensive collateral damage to the target chamber, target diagnostics and other laser optics and structures. Previously, Beamlet and NOVA have experienced catastrophic fracture of the lenses on the vacuum spatial filters.5'6 Table 2 summarizes the shape, dimensions, and peak stress on the affected optics. For comparison the size and peak stress for the vacuum barrier optics on the NIF are also shown. The catastrophic fracture of the Beamlet vacuum spatial filter lens,
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SPIE VoL 3492 • 0277-786X1991$1O.OO with a peak stress of 1490 psi, resulted in an implosion (-1O large fracture pieces). In contrast, the catastrophic fracture 1 Nova spatial filter lenses, with a peak stress of 810 psi, produced only one or two fractures. The two or three pieces of glass that remain after the fracture of the Nova lens, lock together resulting in a benign failure, i.e. a slow air leak. The number if fractures, and hence the mode of failure, are related to the peak stress on the glass part. The relationship between the peak stress and the number of fractures in round optics (windows and lenses) was investigated by Campbell et al.5'6 An energy partition model was employed to relate the fracture area produced upon failure to the elastic stored energy in the glass part; specifically the greater the elastic stored energy in the stressed optic, the greater the number of fractures produced. (Note, the elastic stored energy considered here is not to be confused with the stored energy within the vacuum chamber that was discussed above.) Details of the energy partition model are outlined in the previous work.5 '6 The fracture area (Af) was shown to be related to the peak tensile stress () and the volume of the vacuum barrier optic (VL):
Af=k'VL (1) where k' is an empirically derived constant that is primarily a function material properties. Because the fracture area is proportional to the square of the peak stress, then a modest change in the peak stress can result in a large change in fracture area.
In practice, one can reduce the peak stress and the fracture area by increasing the thickness of the vacuum barrier optic. This is illustrated by Eq. (2) that relates the peak stress to the optic thickness for a square glass plate that is simply supported at the edges:
p where is at constant that is dependent on the geometry (I 0.2874), q the applied load (MPa), £ the length of the side (m), and t the thickness ofthe glass plate (m).7
Unfortunately, increasing the thickness ofthe lens can adversely affect the beam quality at high laser intensities. This is because the increase in thickness increases the non-linear phase retardance, which in turn can amplify the noise intensity if the beam. The cumulative non-linear phase retardance is described by the so-called B integral:
where AB is the cumulative retardance (radians), I the irradiance (GW!cm2), and ? the laser wavelength (cm). L is the total thickness (cm) of optical material with nonlinear index coefficient, y (cm2/GW), through which the light traverses.8° The general design rule is to limit EB to less than 2 radians so the noise amplification is insufficient to cause damage to the optics or adversely affect the focusability of the beam. Therefore, the thickness of the vacuum barrier optic is a irade-off between the demands of preventing an implosion versus minimizing non-linear noise growth.
Campbell et al.5'6 used an energy partition model and data from fracture measurements of a number ofNova fused silica spatial filter lenses to determine k' in Eq. (1), giving the following expression relating fracture area to the peak stress: Af 8.4 x105 cm2 VL (4) psi liter 741 where and VL have been previously defined. This relationship was found to be valid for round plates and lenses ranging in size from 15 to 80 cm diameter, suggesting the energy partition model works well for fracture in round optics. However, the NIF laser (currently under construction), uses square rather than round vacuum barrier optics (see Table 2 ). So the question arises whether the energy partition model and the resulting design criteria for implosion-proof round lenses and windows works equally well for square optics.
In the present study, we report the measured fracture area for square glass plates that were broken at different peak stresses. These results are then compared with values predicted by Eq. (4) . From these results we arrive at a design criteria for the minimum optic thickness that, upon catastrophic fracture, will not result in an implosion. Also we derive a scaling relationship that permits the design engineer to extend this fail-safe design (i.e. no implosion upon fracture) to round and square vacuum barrier optics having different aperture sizes.
EXPERIMENTAL
Four different size square plates of a borosilicate glass composition (Pilkington super white float glass) were used in this study. This glass was selected because it is readily available in the test sizes of interest, cost far less than fused silica (the material used for the vacuum optical barriers), and has a fracture toughness equivalent to fused silica (0.75 MPa mU2).
Flaws were generated in the glass plates by first scratching with a diamond scribe near the center of one surface of the plate. This scratch was then irradiated with a Q-switched Nd-YAG laser (1.064 .im, 3-4 ns pulse-width, 40 J/cm2 fluence, 10 Hz pulse repetition rate) for 5-15 seconds. The sample was oriented such that the scratch was on the beam exit surface; the interaction of the beam with the scratch initiated a damage spot that, on subsequent shots, continued to grow. The depth and width of the damage spot varied from sample to sample, but typically was about 5 mm in width and 3 mm in depth. In all cases, no damage was observed on the beam-input side of the glass plate after it had been irradiated.
The glass fracture experiments were carried out in a manner similar to our previous study on round glass plates5; the test setup is shown schematically in Fig. 1 . A laser damaged glass plate was mounted on an 0-ring seal at the edges of the square plate with the optically damaged side down (i.e. damage spot on the tensile side of glass plate). The volume beneath the glass plate was slowly evacuated until the glass fractured. The vacuum pressure at the time of fracture was measured using a thermocouple gauge and an oscilloscope, and the number of glass pieces and resulting fracture area were measured. The vacuum pressure at the time of fracture was used to calculate the peak stress in the glass part. Typically, fracture in these plates occurred at stresses between 1100-2800 psi. In a few cases, the plate did not break immediately even after it had been pumped to full vacuum. In such cases, the part was held at full load until, by slow crack growth, the damage spot grew to the critical flaw size and catastrophically fractured.
To compute the peak stress in the optic at the time of fracture, we assume an optic size equal to the side-to-side distance between the mid-points of the 0-ring seal rather than the fabricated dimensions of the glass. This is simply because some portion of the fabricated plate extends beyond the 0-ring seal. 
RESULTS AND DISCUSSION

Glass fracture of square plates
Four different size square glass plates were tested to study the effect of peak stress on the number and area of fractures generated. The data and calculations from the fracture experiments are summarized in Table 3 . A typical fracture pattern of a square plate is shown in Fig. 2 . The crack origmated from the laser-induced flaw at the center of the glass plate and propagated to the edges. The depth and width of the laser-induced damage flaw are reported in the second column of Table 3 and the maximum peak stress at the time of fracture is given in column three. Column four contains the number of fracture pieces, and column five lists the total measured fracture area, Af, is given by:
where the total fracture length, tot (m), is the sum of the lengths of all individual fractures, ?, (m), and n is the total number of fractures. The factor of two in Eq. (5) The final column in Table 3 lists the predicted fracture area calculated using Eq. (4). The measured fracture areas are compared to the predicted values in Fig. 3 . For comparison, data from the earlier study of round glass plates and lenses are also included on the graph. To within the scatter in the measurements, the agreement between the measured and predicted fracture area is quite good for both round and square glass plates. Thus the energy partition model appears valid for both square and round lenses. Fractures propagate in a direction determined by the gradient of the tensile stress (V ) or, in other words, a direction normal the contours of equal tensile stress. For round plates, with uniform edge support and uniform surface loading (i.e. under vacuum), the maximum principle stress is the tangential ("hoop") stress. Thus, fractures will propagate radially across the disk, with one branch traveling in a path that is the shortest distance between the flaw and the edge and the other branch in approximately the opposite (1800) direction. For cases where the elastic stored energy is low (i.e. low stress) and only one full fracture is generated, the fracture will approximately bisect the plate (see, for example, Fig. 2 of reference 6 ). Fracture propagation in square plates follows the same principles. Figure 4 shows the iso-stress contours computed using standard stress-strain formulae7 for a simply supported square glass plate under uniform vacuum load. The direction of propagation of a fracture is normal to the contours. Thus one can approximate the direction of fracture propagation from a damage induced flaw by first locating the flaw on the contour map and then simply drawing two lines radiating from the flaw in opposite directions and traveling normal to the contours. It is clear that fractures will deviate away from corners and, in principle, will intersect the edge of the plate near 90°. The fractured plate in Fig. 2 shows this behavior.
Close inspection of the initial direction of fracture propagation from a laser induced flaw generally shows that it is not in a direction normal to the static stress contours. This is because the localized stress generated during the damage event greatly exceeds the static stress. Consequently, the small fractures that radiate away from the damage site initially propagate in a direction determined by the gradient of the transient stress induced by the damage event. If the damage site grows to exceed the critical flaw size associated with the static stress field, then one or more of the small damage-induced fractures will continue to propagate. The fracture propagation will eventually bend in a direction normal to the static stress contours. An example of such behavior can clearly be seen in Fig. 2 of reference 5.
If the glass plate is highly stressed (high stored energy) then the propagating fractures soon reach a terminal velocity (about 1/3 to 1/2 sound speed in the glass) where crack growth becomes unstable.' At this point the crack will branch.
Although there are some rules-of-thumb to predict crack branching angles'23, in general, accurately predicting the direction of crack propagation becomes much more difficult. In this section we use data from this study and previous work5 to develop design criteria for "fail-safe" round and square vacuum barrier optics. The term fail-safe denotes any vacuum optic that, upon failure, produces no more than one fullaperture fracture. In other words, the optic will not implode if it fractures.
During fracture, the energy used to produce new surfaces is proportional to the elastic stored energy, E, in the material. In turn, the stored energy is related to the stress via the expression: VL E=kjdV (6) where y is the stress (Pa), the strain (m), and VL the integrated volume (m3) of the elastic material under stress. The strain is related to stress via a Hook's law relationship: r=EE (7) where E is Young's modulus (Pa). Substituting Eq. (7) into (6) and integrating gives the well known expression: k&VL E= i: (8) We have shown in this study and our previous work that the fraction (f0) of elastic stored energy used to generate new surfaces (fractures) is nearly constant for a wide range of round and square optic sizes (Fig. 3) . Thus, the surface energy produced during fracture (Ef) can be related to the total elastic stored energy by the expression:
Ef f0 E,
where all the terms have been previously defmed. Note that Ef can also be written as:
Ef=yfAf (10) where f (J/cm2) is the material fracture surface energy. Equating Eq. (9) and (10) and rearranging gives an expression for the fracture area as a function ofthe optic volume, peak tensile stress, and the material properties:
Af=-!QyVL (11) Equation (1 1) is the same as Eq. (1) where k' is used to represent the set of constants (f0 kb,'fE). We have measured the fracture area produced as a function of peak stress and optic volume and determined at a value of k' equal to 8.4 x iø-cm2/psi2 liter.
By making use ofEq. (5), Eq. (1 1) can also be written in terms ofthe total fracture length (tot)
where we have substituted k' for (fk/1fE). Equation 12 can be further simplified by expressing the volume of the optic in terms of its dimensions: VL = ct (13) where £ is the characteristic dimension (diameter or length) and c equals ic/4 or 1, respectively, for a round or square optic. Substitution of Eq. (13) in (12) leads to the very useful relationship for total fracture length as a function of the peak stress, optic shape, and characteristic dimension:
It is useful to think of the total fracture length, in terms of multiples of the optic dimension:
flf (15) 746 where flf S the number of equivalent "full dimension" fractures. Combining Eq. (14) and (15) (k'c 2 flf = (16) Recall that the design criteria for a "fail-safe" lens is that flf not exceed one or, expressed in terms of the limiting peak stress, is: The peak tensile stress required to propagate one fill-diameter fracture in a 61-cm-diameter Beamlet vacuum spatial filter lens is about 700 psi based on Eq. (18a); the actual peak stress on the lens was 1490 psi. Thus it is clear such an optic has a high risk of imploding upon catastrophic fracture and, indeed, that failure mode was observed. In sharp contrast, the square 42.6-cm NIF spatial filter lens would require a peak stress of nearly 750 psi to propagate one full-width fracture; the design stress on the lens is set at 500 psi, well below the one-fracture limit, insuring the lens will not implode. Characteristic dimension (cm) Figure 5 : Predicted peak tensile stress required to produce one full-diameter fracture in square and round vacuum barrier optics; the prediction is based on Eq. (18a) and (18b). where Kf (MPa • rn"2) is an empirically-derived constant, the peak stress (MPa) at failure, and 4 is the distance (m) to the first branching point. Thus, by measuring the first branching distance, one can estimate the value of the stress at the time f failure. The first branching distance is often termed the fracture "mirror radius" because ofit's distinct physical appearance on the fracture surface.12 '4 Quinn recently suggested'5 that the first branching distance (i.e. mirror radius) can be thought of as the maximum radius of a glass part that would generate only one fracture at the corresponding stress (Eq. (19)). Thus it is interesting to compare Kf, determined by fracture mirror studies, with the value of Kf measured in this work (see Table 2 ). The agreement is quite good. Note that this is indeed remarkable; it implies that one simple scaling relationship can be used to describe single fracture generation in round or square glass parts ranging in size from a few hundred microns up to a meter. We have chosen the peak design stress for the NIF vacuum barrier optics to be 500 psi despite the prediction of a "failsafe" stress of 750 psi based on Eq. (1 8b). There are two reasons for this: the first is to account for the error barsin our measurement ofthe fracture area and the second is to compensate for the possibility of secondary fracture.5 Secondary fracture refers to crack growth that occurs subsequent to the initial fracture event and is driven by the redistribution of the stress in response to the change in boundary conditions. For example, after a square or round optic breaks into two parts, the remaining two pieces may remain under load (if the gas leak is slow) and each piece now develops a new stress distribution in response to the unsupported fracture edge.
Using fmite element analysis, the stress distribution was calculated for a NIF target chamber window before and after primary fracture (see Fig. 6 ). The peak tensile stress in each ofthe two halves increased from 499 psi to 812 psi, an increase ofa factor of 1.6. After primary fracture a portion of the initial flaw may remain in both glass pieces. Therefore secondary fractures will occur in either piece if the critical stress (based on Griffith's Law4) is exceeded. Note that the change in the stress profile after primary fracture leads to an increase in the elastic stored energy in the glass part, and hence a greater likelihood of creating more fracture area. To minimize the possibility of secondary fracture, the peak fail-safe design stress predicted by Eq. (18b) was reduced from 750 psi to a value of 500 psi. The new 500 psi criteria can be considered as the maximum peak stress required to prevent both primary and secondary fracture.
Finally, another safety factor built into the laser system design is a diagnostic that can detect damage on the optics. With a 500-psi peak stress the critical flaw size is approximately 1.5 cm. The diagnostics on NIF are capable of detecting flaws less than 1 mm in size, hence the flaw will be easily detected well before any type of catastrophic fracture can occur. 
